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We study the vacuum behavior of an extended Higgs sector with two doublets in a scenario with
a softly broken U(1) global symmetry. The soft-violation term is introduced to avoid massless-
axion particles arising when the global symmetry becomes spontaneously broken. This model has
metastable states through the possible presence of multiple non-degenerate minima, which is un-
wanted from the phenomenological point of view if the metastable state is not long-lived enough.
The analysis of this fact leads to find possible exclusion limits over parameter space of quartic
couplings. Results improve the individual behavior of initial conditions for renormalization group
equations; also determining unstable zones for the effective Higgs potential at one loop level. Be-
sides vacuum stability analyses, the influence of absence of charge violation minima is considered
as a limiting case excluding zones in the parameter space. Extremal cases for the model as well
as criticality phenomena are discussed with the aid of relation among Higgs masses or splittings
among them. From vacuum behavior and LHC results, phenomenological aspects in the searching
of charged and heavier Higgs bosons are considered to evaluate the scalar alignment regimen of the
two Higgs doublet model.
PACS numbers: 14.80.Ec, 14.80.Fd,12.60.-i, 11.10.Gh
I. INTRODUCTION
The most successful discovery in high-energy physics since fermions in the third family -top quark and tau neutrino-
is the scalar boson founded in LHC by CMS and ATLAS collaborations in July of 2012. The properties of this scalar
particle, as its couplings with gauge bosons and fermions, are compatible so far with those expected for a Standard
Model (SM) Higgs boson at a mass about 125 GeV [1–3]. New data and phenomenological studies also establish that
this scalar particle resembles the Higgs boson in a broad sense since it is consistent with a particle of spin zero and
positive parity, expected by attributes of SM with Spontaneous Symmetry Breaking (SSB) [4]. This experimental
scenario open new frames to study the theoretical and phenomenological behavior of the SM itself (via precision tests)
and models of physics beyond, e.g. Extended Higgs Sectors as the Two Higgs Doublet Model. We consider these new
possibilities from a theoretical point of view by involving the following phenomenological scenario: SM Higgs boson
properties, as couplings and mass, are inherited by one of the new Higgs bosons (the lighter one with positive parity)
and the remaining scalars are settled in any energy scale. This limit is commonly called as the alignment regime [5].
One significant benchmark in particle physics is the fact that in this mass region for Higgs boson, the SM-effective
Higgs potential is metastable at high energy scales according to the most precise computations carry out in different
papers with NNLO corrections [6–10]. Indeed, those critical effects might be a consequence of symmetry itself, a fine
tuning or a dynamical effect among new parameters from a physical completion for SM [11].
Vacuum stability condition is one of the most relevant features for Spontaneous Symmetry Breaking (SSB), due to
it determine natural solutions for stationary and minimization equations for a well-defined ground state. For instance
in the SM, this condition is such that the Higgs potential, in their part of the fourth dimension, should always be
positive in the field space; translating it into that the quartic coupling would be λ > 0, even for asymptotically values
of |Φ| → ∞. This condition at tree level can be extrapolated to the effective Higgs potential at, e.g., one loop level or
at Next to Next Leading Order (NNLO). Then, using Renormalization Group Equations (RGEs) for quartic coupling,
gauge and Yukawa couplings and their simultaneous solutions, it is possible to find out the stability regimes for the
effective Higgs potential concerning the energy scales µ. In those regimes, the Higgs potential shape might change,
and it will drive out to instabilities in fact. The instability energies can be seen as cut scales where the theory (as
a bottom-up approach) is only one effective description up to those energy values, and hence new physics or new
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freedom degrees are expected to enter in the foundations to tackle these problems. In our treatment, the new physics
effects come from a well motivated extended scalar sector due to two Higgs doublet model (2HDM) with a Higgs
potential that softly breaks a U(1) global symmetry. This symmetry implementation encourages a Higgs potential
without explicit CP violation and a Yukawa sector with an absence of Flavor Changing Neutral Currents (FCNCs)
[12].
Despite the general procedure to find positivity relations could be more sophisticated in models beyond SM, there
are many elegant methods to find out three level vacuum behavior in 2HDMs. Variational calculus and hidden
symmetries in the Higgs potential belong to establish relatively manageable formalism which becomes useful in this
searching [13]. As was pointed out in [14], most elaborated difficulties appear when the relations gotten at tree level
are elevated in higher order corrections, because of the introduction of new fields and couplings; translating finally in
more RGEs to solve simultaneously. For example, in the two Higgs doublet model, the vacuum stability conditions
rely on the asymptotical behavior of the extended field space. Furthermore, RGEs at one loop level for scalar and
general Yukawa couplings are intricate to control, since they need additional assumptions, e.g., the initial conditions
over the respective parameters building all combinations for field space. Hence, the consequences over parameter
space are tricky, since initial conditions of parameters are highly unknown. Therefore, the last fact is a motivation
to introduce other theoretical and phenomenological constraints in the general study of vacuum stability regions for
extended models, like the behavior of oblique parameters and perturbative unitarity.
In addition to the standard issues in the bounded from below conditions, the 2HDM has a richer vacuum structure
wherein metastable states could be present. This effect is a consequence of relating the number of critical points
in the Higgs potential, which particularly in its minimum consists on the composition of two vacuum expectation
values, also depending on stationary points nature. The scalar potential of 2HDM might have simultaneously two
neutral minima, two CP conserving or two CP violating [15]1. In those cases, from a vacuum state belonging in a
metastable local minimum, there would be the possibility of decaying later, for large enough times, into the global
minimum. Descriptions of metastability with underlying two Higgs doublet dynamics focused on formal aspects have
been broadly studied in [16–20]. Phenomenological aspects of the possibility of two global minima have been treated
comprehensively in [21, 22]. Nonetheless, studies about vacuum metastability in softly U(1) models have been carried
out, comparison among one loop behavior of the effective Higgs potential and the presence of two neutral minima is
still an issued to be addressed. In this direction, recently in [23] studied the impact of considering a softly breaking
term to get stable zones in energies µ > 1010 GeV. For Inert models, in [24] has been shown as the parameter space
compatible with the coexistence of both possible neutral vacua is larger than the predicted by tree-level analyses;
also demonstrating how the nature of vacuum can change at one loop level with established at tree level. Therefore,
potential regions investigated by vacuum stability can be constrained by the presence of an inert-like vacuum (where
fermions are massless) at one loop level.
In the moment of building a model containing a Higgs potential with several distinct neutral minimums breaking
the same symmetries, possibility of taking a metastable minimum as a physically acceptable vacuum state is allowed
if this effect might be suppressed by the fact of having a long lived enough minimum state. This lead to describe
the masses for particles in a realistic approach, without being concerned about the tunneling effects changing this
phenomenological scenario. Nevertheless, from a cosmological point of view, a metastable regime of 2HDM could bring
many consequences and issues in baryogenesis mechanisms. For instance, the critical temperature for a (strong) first
order EW phase transition might have an ambiguous definition if possible minima of the effective Higgs potential are
not considered properly [25]. However, LHC-phenomenology analyses as decays ratios of new physics could give some
information about suppression metastable states [22] in 2HDMs. Moreover, LHC collaborations have given contours
in the measured golden-decays with a good confidence level [26]. Therefore, experimentally constrained regions can
be used to extract plausible frameworks in the vacuum realization for 2HDMs.
With all these ideas in mind, our study is organized as follows: In section II and by symmetries and basis invariant
transformations in 2HDMs, we use formalism presented in [13] to find out positivity constraints in this simple U(1)
scalar sector with a soft-violation term. The systematic begins with a general way to write a more compact form for
the Higgs potential which is invariant under a parameterization of the Lorentz group in the future light cone. Under
impositions over doublets, and its extrapolation into Minkowskian space is possible to find out vacuum stability
constraints associated with the requirement at tree level for a bounded from below Higgs potential in regimes of the
field space associated with points or orbits defined in the future light cone. Moreover, that covariant structure of the
Higgs potential yields a viable frame to analyze the possibility to reach metastable states in vacua with two normal-
1 In 2HDMs exist the possibility of having charge violating critical points. Despite these stationary points must be avoided and coexistence
with normal ones is forbidden, we consider limiting where this vacuum is possibly generated as one assumption to describe hierarchical
structures in scalar masses computed in a neutral vacuum.
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minima (where VEVs are real). On the other hand, bilinears form of the Higgs potential carries out information
about structures of stationary conditions compatible with a complete SSB and one neutral vacuum. These conditions
can be considered from a precise point of view; studying when possible critical points are minimum indeed. For these
purposes, we first review eigenstates masses for scalars in III. The phenomenological starting point to interpret a
possible model realization, the alignment regimen is studied in IV. Then, in section V, we review the problem for
critical conditions of a Higgs potential with a softly broken U(1)-symmetry. Section VI dedicates to describe some
phenomenological and theoretical aspects of these models. In VIII, we compute the vacuum behavior at tree level
and for different combinations of the parameter space. Meanwhile, NLO calculations have been studied in section X.
Likelihood proofs for two photons decay of Higgs boson and oblique parameters analyses are established in XI with
the aim to see the compatibility of vacuum studies with models in the alignment scenario for 2HDMs. Finally, in
conclusions and remarks, we describe the relevance of our treatment in the interpretation of vacuum and metastability
analyses and the compatibility with Electroweak precision tests and likelihood proofs in the two photons decay channel.
II. VACUUM BEHAVIOR AND POSITIVITY CONSTRAINTS IN A 2HDM WITH A SOFTLY
VIOLATION FOR U (1) SYMMETRY
This section is devoted to introducing generalities of the Real U(1)-2HDM, as well as its theoretical constraints.
The 2HDM potential with a soft breaking of a U(1) global symmetry is
VH = m
2
11Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 −m212
(
Φ†1Φ2 + Φ
†
2Φ1
)
+
1
2
λ1
(
Φ†1Φ1
)2
+
1
2
λ2
(
Φ†2Φ2
)2
+ λ3
(
Φ†1Φ1
)(
Φ†2Φ2
)
+ λ4
(
Φ†1Φ2
)(
Φ†2Φ1
)
. (1)
By using re-parametrization invariance [13] given by SO(1, 3) group transformations, Higgs potential regarding
gauge orbit vectors rµ is
VH = −Mµrµ + 1
2
Λµνr
µrν , (2)
with rµ = (r0, ri) = (Φ†Φ,ΦσiΦ) and where
Φ =
(
Φ1
Φ2
)
. (3)
Here Φ is a 2-dimensional vector and σi are the Pauli matrices. In this particular case, cuadrivector of bilinears
couplings is
Mµ =
(
m211 +m
2
22
2
,Re
(
m212
)
, 0,
m211 −m222
2
)
. (4)
In the scenario of a U(1)− Higgs potential, diagonal Λµν tensor of quartic couplings has the following form
Λ =
1
2

λ3 +
√
λ1λ2 0 0 0
0 −λ4 0 0
0 0 −λ4 0
0 0 0 λ3 −
√
λ1λ2
 . (5)
A bounded from below Higgs potential demands Λµν must be positive definite in the future light cone LC
+, i.e.,
rµr
µ ≥ 0. Through this formalism for re-parametrization, it is possible to find out the Higgs potential positivity
constraints in the fourth dimension terms:
λ1 + λ2 > |λ1 − λ2|. (6)
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which is equivalent to λ1 > 0 and λ2 > 0. And
λ3 > −
√
λ1λ2. (7a)
λ4 + λ3 > −
√
λ1λ2. (7b)
In addition to the traditional relations for vacuum stability at tree-level, the absence of charge violation vacua yields
to one possible condition λ4 < 0 [27–29]. Despite in 2HDMs at tree level two minima that break different symmetries
cannot coexist, this condition can be rendered as a limiting hypothesis for our assumption of neutral vacua. This fact
has significant phenomenological consequences and which will be treated exhaustively in the following sections, for
example to describe possible hierarchical structures in the masses for scalar states.
On the other hand, unitarity constraints can be obtained from the following eigenvalues ΛZ2Y,σ±
2 of scattering
matrices [16]:
Λeven2,1± =
1
2
(
λ1 + λ2 ±
√
(λ1 − λ2)2
)
, (8a)
Λeven2,0± = λ3 − λ4. (8b)
Λeven0,1± =
1
2
(
λ1 + λ2 ±
√
(λ1 − λ2)2 + 4λ24
)
, (8c)
Λeven0,0± =
1
2
[
3(λ1 + λ2)±
√
9(λ1 − λ2)2 + 4 (2λ3 + λ4)2
]
. (8d)
with the perturbative unitarity bound
|Λ| < 1
8ξpi
(9)
ξ = 2 is a factor for indistinguishable particles present in the initial or final states.
III. SOFTLY BROKEN U (1)−HIGGS POTENTIAL: MASS EIGENSTATES
In the following, mass eigenstates and respective relations among Higgs potential couplings are considered. To that
end, we describe the standard parametrization of Higgs doublets concerning physical mass eigenstates
Φ1 =
1√
2
( √
2 (G± cosβ −H+ sinβ)
v cosβ − h0 sinα+H0 cosα+ i (G0 cosβ −A0 sinβ)
)
. (10)
Φ2 =
1√
2
( √
2 (G± sinβ +H+ cosβ)
v sinβ + h0 cosα+H0 sinα+ i
(
G0 sinβ +A0 cosβ
) ) . (11)
Here −pi/2 ≤ α ≤ pi/2 and 0 < β < pi/2. The Higgs masses and Higgs eigenstates are defined with the parameters
m2ij and λi from the potential (1), and consequently, depend on the symmetries to write the Lagrangian indeed.
Moreover, the mass matrix depends on the neutral vacuum structure selected in the above parameterization,
〈Φ1〉0 = 1√
2
(
0
v1
)
and 〈Φ2〉0 = 1√
2
(
0
v2
)
(12)
2 Matrices are constructed on the Isospin basis, σ and Hypercharge Y, which are conserved quantities of scalar scattering at high energies.
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where v1 = v cosβ and v2 = v sinβ. In the case of a Higgs potential with soft breaking of a U (1) − symmetry,
relations among quartic couplings and masses are given by
λ1 =
1
v2 cos2 β
(
cos2 αm2H0 + sin
2 αm2h0 −m212 tanβ
) ≡ ∆S21 , (13a)
λ2 =
1
v2 sin2 β
(
sin2 αm2H0 + cos
2 αm2h0 −m212 cotβ
) ≡ ∆S22 , (13b)
λ3 =
2m2H± −m2A0
v2
+
sin 2α
(
m2H0 −m2h0
)
v2
≡ ∆S23 , (13c)
λ4 =
2m2A0 − 2m2H±
v2
≡ ∆S24 . (13d)
and
m2A0 =
m212
sinβ cosβ
=
2m212
sin (2β)
. (13e)
These arrays of equations are valid for 0 < β < pi/2, excluding inert models for 2HDM since impossibility of
diagonalizing mass eigenstates at the same time that critical conditions are preserved.
IV. ALIGNMENT REGIME
The scalar alignment regime, where the lighter Higgs CP-even behaves as SM Higgs, independently of masses of
remaining scalars is aimed to establish compatibility between theoretical analysis and precision searches for beyond
SM physics. Despite phenomenologically it seems likely that alignment will only be realized approximately, rather
than exactly, it can be translated in ground studies to interpret scalar signal at 125 GeV results from extended models
like 2HDMs. As first glance, we present a study where the exact alignment is achieved for our model. The decoupling
limit, where the low-energy spectrum contains only the SM Higgs and no new light scalars, is only a subset of one
more general alignment limit. For Higgs potential described in (1) with, the alignment scenario has the following
conditions [5]:
m2h = v
2
(
λ1 cos
2 β + (λ3 + λ4) sin
2 β
)
, (14a)
m2h = v
2
(
λ2 sin
2 β + (λ3 + λ4) cos
2 β
)
. (14b)
If there is a tanβ satisfying the above equations, then the alignment limit would occur for arbitrary values of mA0 and
does not require non-SM-like scalars to be heavy. We scan out the parameter space in such way that both conditions
are satisfied simultaneously:
tan2 β =
λ1 − λ3 − λ4
λ2 − λ3 − λ4 . (15)
In the limit of β → 0, both conditions have a natural solution only if λ1 = λ3 + λ4. On the other hand, tanβ → 1,
implies λ1 = λ2.
V. METASTABILITY THEOREMS: PARTICULAR CASES
We briefly discuss the origin of multiple stationary points in the 2HDM by considering tadpoles at tree level
equations for the Higgs potential and through of a revision of systematics developed comprehensively in [19, 30].
Firstly, we find the critical points equations (i.e. non-trivial tadpoles at tree level) for Higgs potential (1) that give
rise to the different stationary points (based on a neutral vacuum):
T1 ≡ 2m211v1 − 2m212v2 + λ1v31 + λ4v1v22 + λ3v1v22 = 0. (16a)
T2 ≡ 2m222v2 − 2m212v1 + λ2v32 + λ4v21v2 + λ3v21v2 = 0. (16b)
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Notice that one cannot have solutions of the form {v1 = 0, v2 6= 0} or {v1 6= 0, v2 = 0}, unless that m212 = 0. Those
are the natural inert models discussed broadly in [28, 29, 31]. A trivial solution of these equations is clearly v = 0,
equivalent to one theory without EW symmetry breaking. Excluding that case, the stationarity conditions (16a) and
(16b) become
v2 +
2m211 − 2m212 tanβ
λ1 cos2 β + λ4 sin
2 β + λ3 sin
2 β
= 0. (17a)(
2m211 − 2m212 tanβ
) (
λ2 tan
2 β + λ4 + λ3
)− (2m211 − 2m212 cotβ) (λ1 cot2 β + λ4 + λ3) tanβ = 0 (17b)
We have also been following discussion and formalism presented in [20]. Eq. (17a) tells us that, other than its sign,
the value of VEV v is given unequivocally by tanβ function. Eq. (17b) is an equation of fifth order on tanβ, having
at most five possible real solutions. These two equations describe therefore ten possible solutions {v1, v2}, due to the
ambiguity on the sign of v; since 2HDM potential in Eq. (1) is also invariant under the transformation Φ1 → −Φ1
and Φ2 → −Φ2. These ten solutions correspond to only four different physical scenarios. Adding the trivial solution
v1 = v2 = 0 (no EW symmetry), we have a total of eleven solutions.
There are at most two different values of tanβ what satisfy both equations; implying exist a maximum of six
stationary points. Indeed, it could lead more than one normal minimum, with different depths. To establish it
formally is necessary to make use of Morse’s systematics [20, 32]: For a given real function of two variables, let η0,
η1 and η2 be the number of its minima, saddle points, and maximums inside of the Higgs potential, respectively. For
a polynomial function in v1 and v2, bounded from below, such as the one we are dealing with, Morse’s inequalities
state that:
• η0 ≥ 1.
• η1 ≥ η0 − 1.
• η0 − η1 + η2 = 1.
The foundations of Morse’s inequalities give bounds over critical points, in particular over minimum behavior in
the Higgs potential and its influence in extremum conditions and mass matrices. The 2HDM potential in Eq (1) has
η0 + η1 + η2 = 2n + 1 stationary solutions, n = 0, ..., 5: at most 2n real roots of eqs. (17a), (17b) plus the trivial
solution v1 = v2 = 0 (No EW symmetry breaking). We can use Morse’s inequalities to get η0 +η2 = n+1. We analyze
several possibilities for the number of minima η0, depending on the number of real solutions n. By counting extremal
cases, all the different combinations of stationary points leads to find the following general aspects: There are critical
points without symmetry breaking associated to every case of maximums, minima or saddle points combinations.
Thus, typical situations of SSB with a global minimum are given for 1 ≤ n ≤ 2. Meanwhile, for n = 3 and using
Morse’s inequalities: η0 + η2 = 4 yields a SSB scenario plus a trivial minimum located at the origin. The n = 4 case
translates in two pairs of degenerate minima away from the origin. It is not mandatory that these two pairs of minima
have the same depth. Therefore as first glance, we might have one normal minimum deeper than another. Finally, a
higher order in n solutions yields trivial plus global and non-global minima.
Hence if there are more than two solutions for v2/v1 ratio, which said the 2HDM might have more than one normal
minimum away from the origin with different depths. However, no more than two of such minima can exist by physical
grounds (for a non-long-lived enough minimum state). The analysis of non-global minimum structures must see as
potential exclusion regions in the parameter spaces for these particular cases of 2HDM.
From the form of critical points and Morse’s inequalities, we can see as multiple non-degenerate minima can be
present in the Higgs potential. It is worthwhile now to analyze where can be ensured the existence of one and only
one global minimum. For this purpose, we restrict the following phenomenological study to avoid two minima with
different depths. Taking the case of four real solutions, in [15, 17] have shown that the difference in the values of the
potential in those two normal vacuum structures N1 and N2 is given by
VN2 − VN1 =
1
4
[(
m2H±
v2
)
N1
−
(
m2H±
w2
)
N2
]
(v1w2 − w1v2)2 . (18)
with v2 = v21 + v
2
2 in N1 and w
2 = w21 +w
2
2 in N2. N2 structure can be seen interchanging vi → wi in the VEVs for
respective doublets of (12). Nothing establishes how to carry out the computations to determine which is the overall
sign in the difference. Another aspect of this result is that starting with the same Higgs potential, the demonstration
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depends on only of vacuum structure in both minima. The following discriminant, written regarding tensor matrix
of the Higgs potential (2), ensures the existence of one and only one global minimum in the theory [19] 3
D ≡ − det(ΛE − ζI). (19)
ζ is an auxiliary function introduced in the Higgs potential to determine stationary conditions. This Lagrange
multipliers is related with
∑2
i=1 Φ
†
iΦi ≥ 0 constraint. ΛE is Λµν of Higgs potential (2) expressed by an Euclidean-
metric and I is the four dimensional identity matrix. In the diagonal basis (ΛE → diag(Λ0,Λ1,Λ2,Λ3)), the global
minimum discriminant reads
D ≡ (Λ0 − ζ)(ζ − Λ1)(ζ − Λ2)(ζ − Λ3). (20)
From the parameters inside of the Higgs potential with a softly breaking of U(1)-symmetry (1),
D = (m211 − κ2m222) (tanβ − κ) > 0. (21)
with κ = (λ1/λ2)
1/4
. By the implications of stationary conditions (16a) and (16b), we exclude β = 0 and β = pi/2
values in the parameter space. Only we approach to them by means of their limit values, which bring out to some
couplings in non-perturbative regions. In terms of scalar masses and splitting parameter kS = mA0/mH0 , discriminant
takes the form
kS <
1(
m2
H0
m2
h0
(
1− sin2(β + α))+ sin2(β + α)) . (22)
This bound has been evaluated in the plane mH0 − sin(β + α) as is shown in Fig. (1). For our purposes, both
structures for metastability discriminant are useful in determining regions of parameter space compatible with vacuum
stability. The second one give us direct information about scalar mass, while the former give us information about
Higgs mass splittings. D > 0 ensure a global minimum in the theory. If D < 0, additional computations are necessary
to discriminate between both vacuum structures.
VI. PHENOMENOLOGICAL ASPECTS OF THEORIES WITH SOFTLY BREAKING OF U(1)
The 2HDM model with Abelian global symmetries has been used as a ground basis to explain CP violation phases
in strong interactions using the Peccei Quinn mechanism [33, 34]. When the global symmetry is spontaneously
broken, the new scalar spectrum should contain an axion with zero mass, which is not wanted by theoretical facts
[35, 36]. If a massless (o with a mass of small size) scalar particle exist its detection and precision measurements
are a real challenge; the phenomenological compatibility to explain strong-CP phases is still no accurate so far [37].
Furthermore, topological defects as vortices are generated in this regime when the global symmetry has been broken.
To avoid those issues and to improve the experimental level of accuracy of the Peccei-Quinn models, a dimension two
term of U(1) symmetry violation, is introduced in the Higgs potential. This term has a small impact on the evolution
of Renormalization Group Equations4 and so on computations of stability and metastability regimes. m212 term also
yields a non-zero mass term for pseudoscalar particle A0 (see Eq. 13e).
It is worth to say that the presence of dimension two-term, as well as the critical conditions, exclude the presence of
an inert vacuum in some doublet. Hence inert scenarios are just accomplished in an approximate manner for fractions
3 D-discriminant, encouraging a global minimum in the Higgs potential, has been computed for 2HDMs from Hessian of the Higgs potential
in the gauge orbit field using the reparameterization group SO(1, 3).
4 In the softly broken U(1)-model, m¯212 has the following RGE
16pi2
d
d log µ2
m¯212 = (2λ3 + λ4) m¯
2
12.
It is possible to see as radiative corrections to m212 are proportional to m
2
12 itself and are only logarithmically sensitive to the cutoff µ.
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of v2/v1 → 0 (quasi-inert regimen); having many phenomenological consequences in dark matter searches [28, 29] and
for the description of viable mass terms for neutrinos [38, 39].
As was pointed out above, an outstanding aspect of general 2HDM is the presence of metastable states with two
normal vacuum structures; what is a consequence of the solutions of stationary conditions combinations of Eqs.
(17a)-(17b). The simplest case is such where a soft violation term appears in the Higgs potential invariant under
a continuous global symmetry. Nevertheless, 2HDM nature restricts facts as the coexistence of minima of different
depths and different origins (CP breaking and charge breaking -CB- vacuum structures) [15]. Besides, whenever a
normal minimum exists in the 2HDM, the global minimum of the potential is a normal one, and no tunneling to a
deeper CB or CP minimum is allowed [40]. On the other hand, if a CP (CB) violating minimum exist in the 2HDM,
it is the global minimum of the theory, and thoroughly stable and no tunneling to a deeper normal or CB (CP)
minimum can occur [12]. Hereafter, we are only focused on normal behavior of EW vacuum and its phenomenological
consequences.
With this phenomenological approach, our primary goal is to compute the regions where the metastability due to
two normal vacua in EW scale arise; determining allowed scenarios in experimental data (e.g. diphotonic decays for
SM like-Higgs) and thus improving vacuum analysis carried out at NLO level.
VII. GLOBAL MINIMUM BEHAVIOR IN mH0 − sin (α+ β) PLANE
FIG. 1: Metastability behavior for mH0 − sin(α+ β) plane represented by shadowed zones. Each scenario is characterized by
ratio kS = m
2
A0/m
2
H0 .
Considering Eq. (22) is possible to establish the zones where absolute stability could be in conflict with the presence
of a second minimum. Ratio between Higgs eigenstates kS = m
2
A0/m
2
H0 has been used to compare different regions
in the plane mH0 − sin (α+ β) , as is despited in Fig. (1)
More generally and to avoid multiple minima at tree level, the lower limit on mH0 becomes weaker as sin(α+β)→ 0.
Moreover, metastable states appear in a wide zone of mH0 − sin(β + α) when ks > 1 increases. In addition when
ks < 1, the parameter space does not show exclusion zones. Finally, metastable states dominate all values of mH0
when | sin(β + α)| = 1.
VIII. EXCLUSION REGIONS BY STABILITY AND METASTABILITY ANALYSES: 0 ≤ α ≤ pi/2
Discrimination of exclusion zones from metastability in particular regions of parameter space is relevant to estimate
vacuum behavior for the theory at NLO. Typical constraints found out involve many parameters of the Higgs potential.
Thus, to extract phenomenological information, we analyze particular models. To that end, we have listed in Tab. I
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Model tanβ α ∆S21v
2 ∆S22v
2 ∆S23v
2
AI 10
−3 0 m2H0 ξ0
(
m2h0 −m2A0
)
2m2H± −m2A0
AII 10
−3 → pi/4 1
2
(
m2H0 +m
2
h0
)
ξ0
2
(
m2H0 +m
2
h0 − 2m2A0
)
2m2H± +m
2
H0 −m2A0 −m2h0
AIII 10
−3 pi/2 m2h0 ξ0
(
m2H0 −m2A0
)
2m2H± −m2A0
BI 1 0
(
2m2H0 −m2A0
) (
2m2h0 −m2A0
)
2m2H± −m2A0
BII 1 → pi/4
(
m2H0 +m
2
h0 −m2A0
)
1
2
(
m2H0 +m
2
h0 −m2A0
)
2m2H± +m
2
H0 −m2A0 −m2h0
BIII 1 pi/2
(
2m2h0 −m2A0
) (
2m2H0 −m2A0
)
2m2H± −m2A0
CI 10
2 0 ' ξ1(m2H0 −m2A0) ' m2h0 2m2H± −m2A0
CII 10
2 → pi/4 ' ξ1
2
(
m2H0 +m
2
h0 − 2m2A0
) ' 1
2
(
m2H0 +m
2
h0
)
2m2H± +m
2
H0 −m2A0 −m2h0
CIII 10
2 pi/2 ' ξ1
(
m2h0 −m2A0
) ' m2H0 2m2H± −m2A0
TABLE I: Splittings among Higgs mass eigenstates for different models, which are varying mixing angles α and β (tanβ);
being λ4 = 2
(
m2A0 −m2H±
)
/v2 ≡ ∆S24 independent of those parameters. ξ0 and ξ1 are related to values of cotβ and tanβ
respectively. Moreover, they are introduced to conserve perturbative behavior of λ’s couplings, i.e., λi ∼ O(1). From stability
conditions of λ1 > 0 and λ2 > 0, it is also possible to infer a set of features of each model.
some limiting models for specific values of α and β angles by using expressions of Higgs eigenstates given in section
(III).
Particularly, alignment regime for couplings (cos(β − α) → 0) is present in AIII and CI models. For model AIII ,
condition (15) implies besides λ1 = λ3 + λ4. Finally, fulfillment of alignment regime in model CI is achieved when
λ2 = λ3 + λ4. Other models taking into account h
0 with the mass of 125 GeV, but they do not emulate the same
Higgs couplings as in the SM case.
Figure 2 shows a set of contours to see metastability states in the parameter space and for particular cases given in
Tab. I. With this in mind, the plane ∆S21 −∆S22 is the first candidate to observe exclusion zones using discriminant
21. By parameters counting, metastability zones ends up depending on mixing angles α, β, quartic couplings λ1 and
λ2, and from mh0 values. Given this context, we fixed the mass value for a lighter Higgs in 125 GeV. We have been
appealing to a search of a complete alignment scenario for 2HDM, where the lighter Higgs is identified with the SM
Higgs boson, and the remaining scalars could be settled at any energy scale, even in the EW regime. Having this
exclusion analysis, we proceed to evaluate the RGE’s evolution to describe initial conditions influence in the global
solution in the face of vacuum behavior. Here the contours are interpreted by the minimum values obtained from
the discriminant in such a way that the presence of another minimum has been identified as a possible appearance of
metastable states.
• AI model. Metastable states are suppressed in the plane ∆S21 − ∆S22 . Model has only instabilities for the
effective Higgs potential. To maintain perturbativity in this framework mA0 ∼ mh0 (Φ2-direction) and to avoid
minima with charge violation, scalar spectrum behaves as mh0,A0 < mH0 and mA0 < mH± . This scenario
embodies a non-alignment case, where H0 saturates couplings with SM bosons and fermions.
• AII model (limit case). Stable zones dominate over broad regions in the respective plane. Metastable zones start
to appear in values of ∆S21 > 0.258 and ∆S
2
2 approaching to zero. Non-perturbative zones are excluded when
2mA2 ∼ m2H0 + m2h0 , which is not compatible with stable zones at tree level (presence of one global minimum
in the EW theory).
• AIII model. Metastable zones dominate both directions Φ1 − Φ2. In the limit, a small stable zone is located
∆S21 > 0.258. The lower bound corresponds to the observed Higgs mass of mh0 ≈ 125 GeV and that has been
identified with parameters associated with h0. The phenomenological scenario is the alignment regimen defining
a boundary between stable and metastable scenarios. Non-perturbative zones are present unless mH0 ∼ mA0 .
This limit model emulates important features of a U(1)-Inert 2HDM, like the hierarchy in the scalar spectrum:
mH± > mA0,H0 . In the same way, that happens in the inert model and because of fulfilling of an alignment
regime, H0 and A0 would behave as possible dark matter candidates. It is relevant to point out that all these
Abelian models with softly breaking terms can not be reduced down at all to an inert 2HDMs since stationary
conditions (16a) do not satisfy the choice of v2 = 0 simultaneously.
• BI model. Metastability is absent in the plane ∆S21 − ∆S22 for zones compatible with SSB. In addition, and
in the same space parameter, vacuum stability at tree level imposes 2m2H0 > m
2
A0 and 2m
2
h0 > m
2
A0 . Thus
A0 → h0h0 and A0 → H0H0 decays are suppressed.
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FIG. 2: Metastability and absolute stability region in ∆S21 −∆S22 plane for Ai, Bi and Ci models with i = I, II, III described
in Table I. Red lines in AIII and CI models give information about as alignment regime behaves in those parameter spaces
where cos(β − α) ≈ 0.
• BII model. Metastability appears in this parameter space significantly, with a scenario where ∆S21 > ∆S22 .
From vacuum stability conditions, it is inferred that m2H0 +m
2
h0 > m
2
A0 . Non alignment scenario is present since
cos(β − α) ' 1, thus H0 impersonates to couplings SM Higgs with fermions and gauge bosons.
• BIII model. Stability through just one global minimum is ensured in almost all parameter space. Tiny zones
of non-stability are encoded for values of λ1 → 0. Here the scalar spectrum inherits an analog behavior for that
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Model tanβ α ∆S21v
2 ∆S22v
2 ∆S23v
2
DI 10
−3 → −pi/4 1
2
(
m2H0 +m
2
h0
)
ξ1
2
(
m2H0 +m
2
h0 − 2m2A0
)
2m2H± +m
2
h0 −m2A0 −m2H0
DII 10
−3 → −pi/2 m2h0 ξ1
(
m2H0 −m2A0
)
2m2H± −m2A0
EI 1 → −pi/4 12
(
m2H0 +m
2
h0 −m2A0
)
1
2
(
m2H0 +m
2
h0 −m2A0
)
2m2H± +m
2
h0 −m2A0 −m2H0
EII 1 → −pi/2
(
2m2h0 −m2A0
) (
2m2H0 −m2A0
)
2m2H± −m2A0
FI 10
2 → −pi/4 ' ξ0
2
(
m2H0 +m
2
h0 − 2m2A0
) ' 1
2v2
(
m2H0 +m
2
h0
)
2m2H± +m
2
h0 −m2A0 −m2H0
FII 10
2 → −pi/2 ' ξ0
(
m2h0 −m2A0
) ' m2H0 2m2H± −m2A0
TABLE II: Splittings among Higgs mass eigenstates for different models, which are varying mixing angles α and β (tanβ);
being λ4 = 2
(
m2A0 −m2H±
)
/v2 ≡ ∆S24 independent of those parameters. ξ0 and ξ1 are related to values of cotβ and tanβ
respectively. Moreover, they are introduced in order to conserve perturbative behavior of λ’s couplings, i.e., λi ∼ O(1). From
stability conditions of λ1 > 0 and λ2 > 0, it is possible to infer a set of features of each model
obtained in the BI model, i.e., 2m
2
H0 > m
2
A0 and 2m
2
h0 > m
2
A0 . The hierarchy structure for scalars spectrum
saves a similar pattern that in the BI model.
• Model CI : Parameter space is broadly dominated by one stable minimum. The presence of one and an only
global minimum is ensured for ∆S21 ≥ 0.258. By providing perturbativity in the scalar sector, spectrum should
satisfy mH0 ∼ mA0 ; being both scalars plausible dark matter candidates. Once again, this model can emulate
a pseudo inert scenario with v1 = 0. It also contains an alignment scenario delimiting the boundary between
stable and possible metastable states.
• Model CII : Metastable zones are present in values starting in ∆S22 ≈ 0.258 for small values of ∆S21 , but other
metastable zones are also present in lower values of ∆S21 . Together with avoiding non perturbative scenarios,
structure of mass eigenstates implies m2h0 +m
2
H0 ∼ 2m2A0 .
• Model CIII : Large areas of stability are present in this particular parameter space. Nonperturbative scenarios
appear unless that mh0 ∼ mA0 , with a small splitting preferring m2A0 −m2h0 < 0. Here H0 can be identified
with possible values taken by λ2. In comparison to cases AIII , BII and CI , CIII model ensures a non-alignment
regime where couplings to SM bosons and fermions are dominated by H0, meanwhile h0 is approximately
decoupled of them. Perhaps, this model has many strong constraints from a phenomenological point of view [5].
IX. EXCLUSION REGIONS BY STABILITY AND METASTABILITY ANALYSES: −pi/2 < α < 0
By construction of mass eigenstates, there is another relevant phenomenological zone where −pi/2 < α < 0, with
limit values of α→ −pi/2 and α→ −pi/4.
There are two realizations of alignment regime given by the DII and EI models. From Fig. 3 and mass eigenstates
behavior described in Table II, we can extract the following features:
• DI -model: Despite this choice contains a metastable zone for lower values of ∆S21 < 0.258, the presence of a
global minimum dominates this parameter space. The most stringent bound from metastable behavior is also
in lower values of ∆S22 . Moreover by perturbativity m
2
h0 +m
2
H0 ∼ 2m2A0 ; being slightly greater the sum of CP
even states.
• DII -model: A metastable zone arises in ∆S21 ≥ 0.258. By virtue of identification of h0 with SM Higgs, alignment
regime is developed over this value separating global minima and metastability behavior. In additionmH0 ∼ mA0
condition coming from perturbativity request. In this model A0 → H0H0 decays are forbidden.
• EI model: A broad zone of metastability is present for ∆S22 ≥ ∆S21 , developing an alignment regime in the limit
where both parameters are equal. Hence alignment scenario defines a boundary between a theory with a global
minimum and one model with more of two minima. By the form of the couplings, alignment seems to be the
best limit in the parameter space. Stability in the Φ1 and Φ2 directions leads to m
0
H +mh0 > mA0 .
• EII -model: Parameter space compatible with SSB does not contain metastable states for any combination of
couplings. In this scenario 2m2h0 > m
2
A0 and 2m
2
H0 > m
2
A0 ; avoiding A
0 → h0h0 and A0 → H0H0 decays.
Thus mA0 < 176 GeV. This model shares some features of metastability and phenomenology with the BI and
BIII -models.
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• FI -model: Metastability zones are developed in lower values of ∆S22 < 0.258 extending roughly in all values of
∆S21 . In this parameter space, perturbativity demands m
2
H0 +m
2
h0 ∼ 2m2A0 .
• FII -model: Stable zones are in almost all parameter space. This a scenario of non-alignment since H0 emulates
the couplings among SM-Higgs with fermions and bosons. To avoid non-perturbative scenarios for quartic
couplings, h0 and A0 should be almost degenerate in mass.
FIG. 3: Metastability and absolute stability region in ∆S21 −∆S22 plane for Di, Ei and Fi models with i = I, II described in
Table II. Red lines in DII and EI models give information about as alignment regime behaves in those parameter spaces where
cos(β − α) ≈ 0.
Finally, we note the strong dependence and sensitivity of a unique global solution with the tanβ when β → 0 and
β → pi/2. Therefore, in these zones and models, a more carefully analysis must be done to describe the real behavior
of metastable states and global minimum.
X. ONE LOOP ANALYSIS FOR QUARTIC COUPLINGS FOR B − E AND C − F LIKE MODELS
From the possible presence of two non-degenerate minima in the Higgs potential at tree level, it is feasible to extract
the following consequences. Firstly, metastable states are strongly dependent on α and β angles, and secondly, the
alignment regime, where is reliable, is the boundary between absolute stable zones and metastable zones. By the form
of Yukawa couplings evolution A-D models could be ruled highly constrained from vacuum stability analyses. Non-
perturbative zones exclude models with tanβ < 1 since compatible areas with a bounded from below Higgs potential
are highly reduced. This argument comes from top-Yukawa couplings given in Fig. 4 evolution and structure of
stability contours in B-E models shown in Fig. 5, which are inconsistent with perturbative unitarity in the λ1 − λ2
plane.
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FIG. 4: Top and bottom Yukawa couplings evolution varying mixing angle β in the initial condition A7a. Width in each
evolution is due to top mass (pole) uncertainty mt = (173.34± 0.76) GeV [41].
One relevant scenario emerges when tanβ → 1 and α → pi/4,−pi/4, where the improvement under metastability
forbids every zone allowed by stability at one loop level; being restricted by perturbativity and unitarity analyses as
well. In addition, when α = pi/4 (non-alignment) this zone is also forbidden by divergent solutions for metastability
discriminant (21). Alignment scenario is present when α → pi/4, where metastability does not allow zones where
∆S21 < ∆S
2
2 . Despite perturbative unitarity is consistent with stable zones at 10
11 GeV in ∆S24 −∆S23 , at 103 GeV
unitarity exclude all possible stable zones in the Φ1 − Φ2 plane.
At one loop level, instabilities in the 2HDM type I in C-E models are present among in intermediate energies and
GUT and Planck scales. Hence we focused on 103 ≤ µ( GeV ) ≤ 1019 scenario. By crossing stability and metastability
analyses, it is possible to find out stronger exclusion regions. This procedure might be an improvement of analysis at
NLO for Higgs potential since it avoids the possibility of having two minima in the EW scale.
On the other hand, C-F models are broadly compatible with perturbative unitarity and vacuum stability analysis.
For instance in the plane ∆S21−∆S22 , stable zones shown in Fig. 6 are also consistent with unitarity analysis for lower
values of ∆S21 . In the Φ1 direction, values beyond 0.4 are non-perturbative. This zone is compatible with alignment
regime given by the CI model. In the ∆S
2
4 −∆S23 exist zones compatible with stability and perturbative unitarity for
considered energy scales. However they are broadly suppressed and have set in ∆S23 > 0 and −0.35 < ∆S24 < −0.1;
which can enter in conflict with ST oblique parameters [42]. By ∆S23 results, a new hierarchical structure appears in
mass eigenstates for FI and CII models: 2m
2
H± > m
2
A0 + m
2
H0 −m2h0 . Stability analyses in the λ3 coupling for FII
and CII models are also consistent with hypothesis avoiding charge breaking minima i.e. mA0 < mH± .
One reference point to study is the limit of a quasi-inert model, where one vacuum expectation value emulates
the unique VEV of SM vacuum, and the remaining one is equal to zero. This case recovers when tanβ >> 1 and
α → 0; identifying highly compatibility from metastability at tree level. It is worthwhile to say that this scenario
is perturbatively reliable, and RGEs can be solved if and only if there is a degeneracy between H0 and A0. This
quasi-inert limit can easily be identified with the scalar sector for neutrino-specific 2HDMs considered broadly in
[38, 39]; which are motivated to introduce naturally neutrino masses if one VEV acquires a small enough value in the
scale of eV compatible with cosmological and experimental constraints.
XI. PHENOMENOLOGICAL ASPECTS IN THE ALIGNMENT REGIME
We analyze phenomenological compatibility in the alignment regimen with the likelihood proof for two photons
decay and the oblique parameters realization in the ST plane. In the former case, contours built from Lilith in Fig.
7 operates with the method: From definitions of effective coupling Cγ among two photons and one Higgs h
0 at LO
of (B3), likewise of −2 log(Cγ) relation, we scan the 2-dimensional parameter space in the mH± −mA0 plane fixing
β → 0, pi/4, pi/2 in contours. We study particularly an alignment scenario where cos(β−α) ≈ 0 (AIII , CI , DII and EI
models). In addition for EI model, in each contour of Fig. 9 we are varying kS = m
2
A0/m
2
H0 ratio. The 2-dimensional
68%, 95%, 99.7% CL regions in the plane (mH± −mA0) are obtained with ∆(−2logL) < 2.3, 5.99, 11.83, respectively.
On the other hand, the systematic with oblique parameters in the S, T plane works in the following way: Taking the
experimental constraints S = (0.05± 0.11) and T = (0.09± 0.13), we examine 99% CL contours for model predictions
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FIG. 5: (Up) Phase diagrams with the evolution of contours from µ = 103 GeV (Background-Left) up to µ = 1011 GeV
(Background-Right) in the ∆S21 -∆S
2
2 plane for B-models. Here −0.25 ≤ λ3,4(mZ) ≤ 0 and starting with λ3,4(mZ) =
−λ2(mZ)/2. Red lines are the remaining contours between µ = 103 and 1011 GeV. (Down) Phase diagrams with the evolution
of contours from µ = 103 GeV (Background-Left) up to µ = 1011 GeV (Background-Right) in the ∆S24 -∆S
2
3 plane for
B-models. Here 0 ≤ λ1,2(mZ) ≤ 0.25 and starting with λ1,2(mZ) = λ3(mZ). Red lines are the remaining contours between
µ = 103 and 1011 GeV. Higher values of µ are incompatible with perturbativity and RGEs convergence. We have taking into
account quark top mass in the pole for Yukawa evolution.
in splittings and direct masses. The ST formulas for 2HDMs have been extracted from [12, 43].
In the alignment regime for ACD models, perturbativity analysis presented in the section VIII, demands that A0
and H0 to have small splittings (kS ≈ 1). Likelihood proof shows as states where mH± > mH0 are compatible with
a Gaussian distribution of the measurements in the diphotonic channel. At this level, hypothesis to avoid charge
vacua where mH± > mA0 becomes consistent with phenomenological approach of this two photon decay for a SM
like Higgs. However, regions with mH± < mA0 splittings are still compatible with measurements for h → γγ decay.
Finally, zones with mA0,H0 > 500 GeV and mH± < 150 GeV are excluded at 99.7 % of CL.
The oblique parameters in the CI -model are depicted in Fig 8 in terms of compatible contours at 99% for splittings
and masses (taking mH± > mA0,H0). These analyses shows how masses for charged Higgs are highly constrained for
mH± > 700 GeV. In the same way, at this level, pseudoscalar masses are excluded for mA0 > 400 GeV.
From vacuum stability and perturbativity analyses, the most stable model is the CI one, requiring additionally a
degeneracy between mA0 and mH0 yielding kS ≈ 1; thus alignment regime requires more information to probe λ4 < 0
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FIG. 6: (Up) Phase diagrams with the evolution of contours from µ = 103 GeV (Background-Left) up to µ = 1019 GeV
(Background-Right) in the ∆S21 -∆S
2
2 plane for C-models. Here −0.25 ≤ λ3,4(mZ) ≤ 0 and starting with λ3,4(mZ) =
−λ2(mZ)/2. Red lines are the remaining contours between µ = 103 and 1019 GeV. (Down) Phase diagrams with the evolution
of contours from µ = 103 GeV (Background-Left) up to µ = 1019 GeV (Background-Right) in the ∆S24 -∆S
2
3 plane for
C-models. Here 0 ≤ λ1,2(mZ) ≤ 0.25 and starting with λ1,2(mZ) = λ3(mZ). Red lines are the remaining contours between
µ = 103 and 1019 GeV.
constraint. On the other hand, ST-oblique parameters plane at 99% CL show in Fig. 8 yields two zones of compatibility
for the CI model, where we have taken the hypothesis mH± > mA0 . These zones are consistent with the stable regions
in the plane ∆S24 − ∆S23 from scales of µ = 105 up to scales 1019 GeV in values of ∆S24 < −0.4 (Fig 6). However,
these zones are outside of unitarity behavior and perturbativity regime for λ4 and λ3 couplings at high energy scales.
Oblique parameters ST at 99% CL, locate pseudoscalar and H0 Higgs with masses in 200 < mA0,H0(GeV) < 400,
meanwhile the charged Higgs mass satisfies 200 < mH±(GeV) < 700.
On the other hand, a most constrained parameter space comes from likelihood analysis for the alignment regime
given in the EI model as is shown in Fig. 9. For kS > 1 choice and at least at 68% C.L. hypothesis where mH± < mH0
is excluded from the compatibility of the diphotonic decay for a SM-like Higgs boson. Nevertheless, this model has a
stringent zone for stability and no-metastability at tree level. Therefore, even though the model is highly compatible
with measurements and likelihood hypothesis, stability can be ruled out broadly zones of the respective parameter
space.
In the aligned AIII , DII and EI models, oblique parameters at 99% C.L. exclude masses for pseudoscalar Higgs of
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FIG. 7: Likelihood analysis in the alignment regime described by the AIII , CI and DII models in the mH± −mA0 plane in
the diphotonic channel. Here h0, the SM-like Higgs has a mass of 125 GeV. The red, orange and yellow lines correspond to the
allowed boundaries of 68%, 95% and 99.7% CL regions, respectively. We take kS = 1, by the perturbativity argument given in
Tab. I.
FIG. 8: Oblique parameters in the 2HDM-U(1) with the S, T fit results for softly breaking of U(1) symmetry in the alignment
regime given by the CI model; in terms of splittings (Left) and in terms of masses for scalar states (Right). Computations
over ST plane have used Mathematica module described in [44].
mA0 > 400 GeV when ks = 0.4, 0.6 (Fig. 10). In that regimen, charged Higgs mass could get up values up to of 800
GeV. When ks = 1.2, 2.0, pseudoscalar Higgs boson has a maximum mass close to 480 GeV, with a mass for charged
Higgs close to 800 GeV.
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FIG. 9: Likelihood analysis in the alignment scenario described by EI model in the mH±−mA0 plane in the diphotonic channel
and varying kS = m
2
A0/m
2
H0 ratio. Here h
0-SM like Higgs has a mass of 125 GeV. The red, orange and yellow lines correspond
to the allowed boundaries of 68%, 95% and 99.7% CL regions, respectively.
XII. REMARKS AND CONCLUSIONS
The Standard Model having a light Higgs boson in a mass around of 125 GeV provides an accurate description of
a significant quantity of experimental data associated with the Spontaneous Symmetry Breaking mechanism. The
consistency of the precision electroweak data gives predictions of SM suggest that, if new physics is present at the
EW scale, it is most probably weakly interacting and consistent with the presence of a light Higgs boson in the
spectrum. Extension with these features is the Two Higgs Doublet Model with a softly broken global symmetry and
implementing an additional hypothesis of alignment for scalar states.
Based on the vacuum behavior of SM, we comprehensively study metastable and stable states in the model with
softly breaking of a U(1) global symmetry in the 2HDM. Initially, softly terms are implemented to forbid massless
axion-like particles. Besides, these parameters are related to metastable states at tree level in the field space. If theses
states are not long-lived enough, dramatical consequences forbid a well-grounded theory. Thus, we consider this fact
as possible exclusions for different configurations of parameter space. Metastability searches arise on Minkowskian
formalism of reparameterization group of the Higgs potential to search one global minimum in the theory, which is
strongly dependent on tanβ and α mixing. There is a high sensitivity of discriminant in zones approaching to β → 0
and pi/2, and when βpi/4 and αpi/4. The alignment scenarios present in the parameters sweeping define the boundary
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FIG. 10: Oblique parameters in the 2HDM-U(1) with the S, T fit results for softly breaking of U(1) symmetry in the alignment
regime given by the AIII , DII and EI models (varying ks); in terms of splittings (Left) and in terms of masses for scalar states
(Right). Computations over ST plane have used Mathematica module described in [44].
between stable and metastable zones, being important to characterize possible phase transitions due to formation the
multiple local minima in the Higgs potential.
Once studied possible exclusion regions for metastability behavior, we describe vacuum analyses at one loop level
for the models with tanβ = 1 and tanβ >> 1, for different crucial values of mixing angle α. Regimes for tanβ < 1
are highly nonperturbative and drive out rapidly to instabilities in the Higgs potential; being a consequence of initial
conditions for Yukawa dynamics for type I 2HDM. Besides of this model with v1 = v2 present most stringent regions
for parameter space.
Likewise, the hypothesis to avoid electromagnetic-charged vacua are proved in a phenomenological point of view,
employing likelihood proof of charged Higgs boson influence in the triangle loop corrections of the diphotonic decay
of SM Higgs. In this direction, run 1 data of LHC strongly favored scenarios where mH± > mA0 , which is also
a necessary exigency from couplings in the Higgs potential to get one neutral minimum consistent with the EW
symmetry breaking. Notwithstanding stringent behavior from vacuum analyses, the alignment scenario with v2 = v1
is phenomenological compatible by likelihood proofs with the normal vacuum hypothesis for charged Higgs boson with
the highest mass value in the scalar spectrum.
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Appendix A: Renormalization Group Equations for U(1)-2HDM
The behavior of the parameters and relations among arises through the Renormalization Group Equations (RGE).
At higher levels in perturbation theory, exist a dependence on the energy scale µ as a result of quartic couplings
renormalization. Regularization of ultraviolet divergences in loop integrals for radiative corrections introduces the µ-
dependence. With the aim to evaluate the presence of instabilities in all field space, energy scale dependent couplings
accomplish with the same constraints at tree level (for different regions in the field area) described in section II,
ensuring a Higgs potential bounded from below.
Besides, the RGE are a powerful tool to determine the triviality behavior energy limits of the parameters and
perturbative validity of the theory. To numerically evaluate the energy dependence of the quartic couplings one loop
level, it is also necessary considering RGEs of all remaining couplings, i.e., the gauge group couplings g′, g, gs of the
symmetry groups U(1), SU(2), SU(3), and the Yukawa couplings of the top and the down quark sectors ξt, ξb and
ξτ (coupled to Φ2 doublet) and ηt, ηb and ητ (couplings to Φ2 doublet) respectively are computed in Refs [45, 46].
The one loop RGEs for a general gauge theory are presented in [47, 48] and for NHDM theory with gauge group
SU(2)L × U(1)Y are demonstrated in [49].
We summarize the RGEs for 2HDM with SM gauge group through the following settlement of equations for U (1)
global invariant Higgs potential. The RGEs for gauge sector at one loop level are
dg
dt
=
1
16pi2
(
4
3
nf +
1
6
nH − 22
3
)
g3 = −3g3, (A1)
dg′
dt
=
1
16pi2
(
20
9
nF +
1
6
nH
)
g
′3 = 7g
′3, (A2)
dgs
dt
=
1
16pi2
(
4
3
nf − 11
)
g3s = −7g3s . (A3)
In the 2HDM, nH = 2 and nf = 3. In all equations t = logµ. For type I-2HDM, the RGEs for Yukawa couplings in
the third family (τ, b, t) are
16pi2
dξτ
dt
= −
(
9
4
g2 +
15
4
g
′2
)
ξτ + T11ξτ +
3
2
ξ3τ , (A4)
16pi2
dξb
dt
= −
(
8g2s +
9
4
g2 +
5
12
g
′2
)
ξb + T11ξb +
3
2
ξ3b −
3
2
ξ2t ξb, (A5)
16pi2
dξt
dt
= −
(
8g2s +
9
4
g2 +
17
12
g
′2
)
ξt + T11ξt +
3
2
ξ3t −
3
2
ξ2b ξt. (A6)
By virtue of Yukawa matrices are diagonal, T11 = 3
(
ξ2t + ξ
2
b
)
+ ξ2τ . Here Φ2 decouple from all fermions; top quark,
bottom quark and τ lepton only couple to Φ2 doublet. Initial conditions for type I Yukawa couplings are the following
(without QCD-infrared corrections)
ξt(mZ) =
1
sinβ
√
2mt
v
(A7a)
ξb(mZ) =
1
sinβ
√
2mb
v
(A7b)
ξτ (mZ) =
1
sinβ
√
2mτ
v
(A7c)
The RGE for scalar couplings (U (1) global invariant Higgs potential) at one loop in a 2HDM type I are described
by
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16pi2
dλ1
dt
= 12λ21 + 4λ
2
3 + 4λ3λ4 + 2λ
2
4 +
9g4 + 6g2g
′2 + 3g
′4
4
−
(
9g2 + 3g
′2
)
λ1, (A8)
16pi2
dλ2
dt
= 12λ22 + 4λ
2
3 + 4λ3λ4 + 2λ
2
4 +
9g4 + 6g2g
′2 + 3g
′4
4
−
(
9g2 + 3g
′2
)
λ2
− 6 (η4bb + η4tt)− 2η4ττ + 4 (3 (η2tt + η2bb)+ η2ττ)λ2, (A9)
16pi2
dλ3
dt
= 2 (λ1 + λ2) (3λ3 + λ4) + 4λ
2
3 + 2λ
2
4 +
9g4 − 6g2g′2 + 3g′4
4
−
(
9g2 + 3g
′2
)
λ3
+ 2
(
3
(
η2tt + η
2
bb
)
+ η2ττ
)
λ3, (A10)
16pi2
dλ4
dt
= 2λ4 (λ1 + λ2) + 2
(
2λ24 + 4λ3λ4
)
+ 3g2g
′2 −
(
9g2 + 3g
′2
)
λ4
+ 2
(
3
(
η2tt + η
2
bb
)
+ η2ττ
)
λ4. (A11)
Since fermions are coupled to one and only one doublet Φ2, we might expect many contributions to unstable zones
from λ2 (∆S
2
2) coupling associated to the quartic coupling of
(
Φ†2Φ2
)2
dimension fourth operator. Besides, for high
values of all couplings in their initial conditions might exist additional sources for nonperturbative scenarios [50].
Appendix B: Higgs decay in two photons and likelihood proof
From 2HDM fundamentals, we know that charged Higgs might have a substantial contribution to the h→ γγ decay
rate. Since this channel has been an important situation for Higgs-like scalar detection in LHC-experiments, limits
on the parameters controlling this new physics contribution can be obtained from the Higgs precision measurements.
Hence we consider a 2HDM with a softly broken U(1) symmetry in the Higgs potential and Yukawa Lagrangian and
assume that the only deviation from a SM-like Higgs behavior is due to the contribution of charged Higgs to the
loop-induced process H → γγ. More precisely, in this particular model other scalar states are decoupled, and only the
charged scalar contribution is present. In this case, the input from status to the h→ γγ decay width is parameterized
by charged Higgs mass. The corresponding amplitude at LO reads
MH±hγγ =
v2g (mH±)
2m2H±
Ah0 (τH±) , τH± =
m2h
4m2H±
. (B1)
where g (mH±) is the h,H
+H− coupling and Ah0
(
m2h/4m
2
H±
)
form factor. For lower values in cos (β − α) ≈ 0
(alignment scenario), g (H±) coupling is given by [51]
g
(
H±
)
= −1
4
sin2 2β (λ1 + λ2 − 2λ34)− λ3 (B2)
Therefore in the alignment limit, g(mH±) coincides for A,C,D models. In models with alignment, discrepancy
comes from EI since β → pi/4. In all cases, the effective Higgs-γγ coupling can therefore be expressed by
Cγ =
|MSMhγγ +MH
±
hγγ |
|MSMhγγ |
. (B3)
Note that the SM amplitude h0γγ appears both in the numerator and denominator of Eq. (B3) because of SM
tree-level couplings-like are assumed. For SM, this contribution has the following terms
MSMhγγ =
∑
f
NcQ
2
fghffA
h
1/2 (τf ) + ghV VA
h
1 (τw) . (B4)
ghff and ghV V are the reduced couplings among Higgs and fermion or vector boson respectively. The form factors
in Eq. (B1) are
20
Ah0 (τH±) = − [τH± − f (τH±)] τ−1H± . (B5)
Ah1/2 (τf ) = 2 [τf + (τf − 1) f (τf )] τ−2f . (B6)
Ah1 (τw) = −
[
2τ2w + 3τw + 3 (2τw − 1) f (τw)
]
τ−2w . (B7)
where equivalently to charged Higgs
τf =
m2h
4m2f
and τw =
m2h0
4m2W
(B8)
Finally the complex functions f (τ) is itself given by the integral
f (τ) = −1
2
∫ 1
0
dy
y
ln [1− 4τy (1− y)] =
 arcsin
2 (
√
τ) ; τ ≤ 1
− 14
[
ln
(√
τ+
√
τ−1√
τ−√τ−1
)
− ipi
]2
τ > 1
(B9)
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